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Abstract

Floating structures for single offshore renewable energy devices, i.e. wave energy converters, tend to be
significantly smaller than those of the traditional offshore industry and the interaction between floater motions
and mooring line dynamics become important. Installation sites are generally subject to powerful waves and
currents experiencing more dynamically excited motions. Water depths are also lower, ranging generally from
50m to 200m and mooring systems are to be designed to assure the station keeping of them while not
interfering with the power conversion. However, floater motions may induce large dynamic tensions on
mooring lines, making quasistatic analyses inaccurate in terms of design tension while non-linear time domain
simulations too time consuming. This paper introduces a numerical model of lumped mass for mooring lines
and rigid body motions for the floating structure coupled by means of kinematic relations, and its subsequent
linearization, which is solved in the frequency domain. The linearized model is applied to a two-body floating
spar type oscillating water column, subject to the 36 most occurrent sea states at the BIMEP site. Its accuracy
is verified through a comparison with the equivalent time domain simulation and a review of the results and

its limitations are also pointed out.

Keywords

Frequency Domain; Catenary Mooring System; Linear Hydrodynamics; Lumped mass; Oscillating Water

Column; Offshore Renewable Energy

1 Introduction

Mooring systems are very nonlinear mechanical systems and have traditionally been simulated with nonlinear
time domain (TD) numerical models, based on either the lumped mass or the finite element method (FEM).
Non linearities present in such models arise mainly from the nonlinear geometric stiffness and lines’ drag and
inertia forces. Both methods are widely used in the offshore industry since initially introduced by [1], and
have been applied within the offshore renewable energy sector by [2] and [3], among others, showing accurate

results and highlighting the poor tension estimation of the quasistatic (QS) approach. Nevertheless, the
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required computation time of the lumped mass method tends to be significant compared with the frequency
domain (FD) analysis. Several models have been proposed to account for the mooring influence on the floating
structure in the offshore industry in general and in the wave energy conversion sector. An initial approach can
be the linearization of the nonlinear geometric stiffness at the mean horizontal position of the structure as
suggested in [4]. Through this procedure main horizontal motions are acceptably reproduced whilst just the
order of magnitude of line tensions can be estimated, as pointed out in [5] for a wave energy converter (WEC).
Other authors, e.g. [6] and [7], added an equivalent impedance to the floater linear hydrodynamics to include
the influence of mooring lines and assess the impact on wave energy extraction. Larsen and Sandvik [8]
proposed two models, one based on the catenary equations and an estimate of the line drag resistance and a
second one based on a model of a single degree of freedom (dof) per line. The additional dof of the latter
model consisted of a mode with the shape of the static line with the top end moving in the tangential direction,
deriving a transfer function that relates the top end motion with the line tension. They found good agreement
with the second model for a wide range of mooring configurations. A method to estimate both floater and
lines’ dynamic tensions in both FD and TD was introduced in [9] for structures moored in ultradeep waters. It
consists in building up the mass, stiffness and damping matrices to represent lines structural properties,
coupled with the floater motions and linearizing for the viscous drag term. Lines’ motion results are
postprocessed so that the line tensions can be derived. In addition, the same authors suggested a hybrid TD
and FD methods [10] for intermediate water depths, i.e. 200m, as the geometric non-linear stiffness is more
relevant in lower water depths, showing accurate results. A frequency domain solution compared to the
corresponding time domain solution of an spar floating platform was also presented in [11]. It was applied to
a large spar platform compared with a WEC in deep waters (760m). Good results were obtained, pointing out

that most differences may have been produced by the viscous drag force linearization.

The present paper extends the method in the FD introduced by [9], complementing it with a linearized stiffness
matrix, to account for the geometric stiffness influence also on mooring lines. The extended methodology for
coupled response analysis in the FD is introduced in the first section of the paper, which can be applied to any
moored floating structure. Its accuracy is illustrated by comparing its results with the equivalent TD non-linear
model of a two-body spar type oscillating water column (OWC) WEC, in operational conditions. Most WECs
extract power from incoming waves as the floater is excited and moves, mostly in heave or pitch, in or near
resonance with respect to the surface water level (SWL). There are currently some relevant WEC
developments close to the precommercial phase such as the Ocean Energy buoy [12], the MARMOK OWC
[13] or the CorPower heaving buoy [14], all based on the energy captured in their oscillating motions.

Specifically, OWCs consist of a structure, either floating or seabed mounted, and an internal water column,
connected with the sea water at the bottom and with an air chamber at the top. The power is extracted from
the pressure of the air chamber, induced by relative motion of the structure with respect to the internal water
surface. The compressed and expanded air is made to pass through a self-rectifying air turbine allocated on
the deck of the floating structure. Its hydrodynamic properties for power production assessment can be
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modelled, among other methods, through two oscillating bodies, one representing the floater and a second
one, consisting of a massless surface on the internal SWL, representing the free surface water of the internal
water column. The case study considered here is a floating spar type OWC, which extracts wave power from
the heaving relative motions between the floater and the internal water column, intensively studied in [15],
[16]. It has been assumed a catenary spread mooring system made up of three lines is used for the station
keeping of the floating WEC. It is a very commonly used mooring system, in which the above-mentioned
nonlinearities play a key role in its performance, i.e. the geometric stiffness, drag and inertia forces and the
interaction with the seabed.

Floater motions are calculated with hydrodynamic coefficients, obtained with a commercial code [17] based
on the linear potential flow theory, and including additional viscous drag forces and second order wave drift
forces. Mooring line motions are based on the non-linear lumped mass method and are coupled to the floater
by kinematic relations. The non-linear floater and mooring system coupled model has been validated with
tank test results, and introduced in [18]. In the present work all non-linear effects, such as drag force on the
floater and line sections as well as the geometric stiffness, have been linearized through statistical linearization
for random waves. In addition, non-linear kinematic relations have been linearized at the mean position,

enabling the resolution of the coupled mechanical system in the FD.

The motions and line tensions obtained with the linearized system are presented and compared with the
equivalent non-linear TD model for the most occurrent sea states at BIMEP site, described in [19].The
accuracy of line tension results along mooring lines, from the fairlead to the anchor have also been compared
obtaining good agreement, especially in the fairleads. Finally, some limitations of the current approach have

been explained, supported by the modal analysis of the coupled system.

2 Numerical models

2.1  Time domain numerical model

The floater and mooring coupled non-linear TD numerical model, used as the reference model in this work,
has been introduced and validated in [18]. Motions of several diffracting bodies can be included to represent
WECs, mostly made up of more than one diffracting body. The wave structure interaction numerical model
of the floater is based on the linear potential flow theory and Boundary Integral Element Method (BIEM). The
applied commercial code [17] provides linear hydrodynamic coefficients, assuming small wave amplitudes
compared to the wavelength. This assumption leads to linearized kinematic and dynamic free surface boundary
conditions [20]. The mooring model is based on the lumped mass method, which accounts for the non-linear
geometric stiffness as well as the drag and inertia forces on mooring lines, relevant effects in line tension
estimates. The model makes use of Lagrange multipliers through the penalty method [21] to account for all
kinematic relations. On the one hand kinematic constraints can be set between the diffracting bodies, e.g. the
floating structure and the internal water surface, that, along with the power take off (PTO) force, represent the
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floating WEC. On the other hand, the fairlead and anchor points of the mooring lines are imposed to be
attached to the fairleads in the floating structure and fixed on the seabed respectively. The complete numerical
model is represented in the TD, in equation (1), accounting for both radiation, hydrostatic, wave, inertia and
anchoring forces, in which the main non-linearities arise from the seabed, viscous drag and catenary geometric
stiffness forces. Therefore, in equation (1) the first set of degrees of freedom represent the floating structure
(‘str’) along with its kinematic relations (‘dkin’), in case of a floater made up of multiple diffracting bodies.
The last set of degrees of freedom represent the nodes of all mooring lines (‘moor’) describing the lumped
mass method.

M + Ager + Magin Mo ] ) { 8eer (O } [Cpto + Cakin  Crra ] { 8ser (£) } [Hstr + Kpeo + Kagin - Kpja ] { Oser (1) }
Mf/a Mioor Smogr(t) Cf/a Cnoor Smm,r(t) Kf/a Kinoor Smoor ()

_ { Fw(t) + Es‘v(t) + Fdrag (t) - Frad(t) - qu/sa(t) }
"B + Fr () + Fy + Fy + Frnorison(t) + Ff7 (D)

@

In equation (1) the subscript ‘sz»’ denotes floating structure, ‘moor’ denotes mooring, ‘pto’ denotes power
take off, ‘dkin’ denotes kinematic relations between diffracting bodies and ‘f/a’ denotes fairlead and anchor

forces. In addition, the intervening variables are:

- M, C, K: Mass, damping and stiffness matrices of the corresponding ‘subsystem’

- A H: Infinite-frequency added mass and hydrostatic matrices

- By, Fs, Farag Fraa Ff),: Froude-Krilov and diffraction, slowly varying second order drift, viscous
drag, radiation and fairlead forces on the floater

- B, Fr, Fy, Fy, Frorisons F;’/Sa: Seabed vertical reaction, seabed horizontal friction, gravity, buoyancy,
Morison and fairlead-anchor forces on mooring lines

- 8(t),8(t),5(t) : Floating structure rigid body and mooring lumped masses position, velocity and
acceleration. Six dof per floating structure and multiple dof-s for mooring lines, based on the lumped
mass model

It should be noted that the force to impose mooring lines upper ends to follow the fairleads in the floating

structure is composed of two main terms. The variable forces arisen from M;,,, ,Cs/, and Ky, and the
quasistatic forces F?ja. The former make the fairleads to move with the centre of gravity of the floating
structure while the latter, F?ja, stands for the forces to maintain fairleads at a constant position from the centre

of gravity of the floating structure, as well as keeping anchors fixed in the corresponding seabed positions.

The magnitude of Fj’cja depends on the positions of the fairlead and anchor points with respect to the centre of
gravity of the floater at each time step, &y ,—fqir ANd 8y 2—anchor Te€SPECtively in equation (12). Whilst
Oxy,z—rair 1S time invariant in the floater-fixed coordinate system, 8, 5, z—anchor Changes along the time as the
floater moves, and the corresponding force, built up as a constant force in (13) with the restrictions set in (12),

needs to be updated every time step. Fairleads and anchors quasistatic force component, F]‘ija, on the floating

structure corresponds to the forces of all lines attached to the floating structure and with opposite sign with
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respect to the F?ja on the corresponding attachment nodes on mooring lines. However, as the force is not

proportional to any dof, it does not intervene in the linearized system introduced in equation (15). All

kinematic restrictions on mooring line ends (blue triangles) are represented in Figure 1.

s
Kinematic
Constraintsat
Xs

the Fairlead
Node n
(fairlead)

Node n-1

? WEC Node 1

\(anchor)
Node n-2 ¥ Y
#XV RAYY Yma waml YW o

Kinematic
Constraints at the
Anchor

Node n-3

Figure 1. Mooring line schematic representation. Last four nodes and the fairlead with local and global coordinates (top) and first five nodes and
the anchor (bottom). The kinematic constraints to maintain the anchor and fairleads are represented with blue triangles, each node is
represented as a concentrated mass linked to adjacent nodes by spring and dampers, representing the lines axial properties. The seabed is
also represented by stiffness and dampers and the node numbering is increased from the anchor to the fairlead.

The lumped mass method consists in discretizing mooring lines in a set of point masses, with a mass equivalent
to the sum of half the mass of its adjacent segments. Each point mass is linked to its adjacent point masses
through linear and, if bending is considered, rotational spring and dampers of equivalent properties to the
actual line to be modelled. These elements have been represented in Figure 1 along with the global and local
coordinate systems. The global coordinate system (G) is assumed to be on the sea SWL, with the positive ‘Zg’
axis pointing upwards. In addition to the internal forces, the external forces, such as hydrodynamic Morison
force, seabed, buoyancy and gravity forces are also included. The change in the line shape with small motions
of the floater makes it a significantly non-linear system, being necessary to update the internal forces every
time step.

The dynamic system described in equation (1) is composed of three main parts, the floater, mooring lines and
the lines fairleads and anchor. All of them have been included in the numerical model through sets of stiffness,
damping and mass matrices or as time varying forces. Floater motions are linear since its wave structure
interaction have been computed with a linear potential code and, hence, its matrices are time invariant. The
PTO force has been modelled as a set of linear stiffness and damping matrices, acting between the heaving
motions of the internal SWL and the floater. It represents the air turbine influence in the case study of the
OWC here introduced, which can be modelled as a linear force in case a Wells turbine is used [22]. The
radiation force F,,4 in the TD is computed by a convolution of the radiation impulse response function and
the velocity of the corresponding degree of freedom. There are several methods proposed to perform it, most
of them based in state space models and used in several codes presented in [23], however, in this work the
radiation force has been computed through direct integration of the convolution of the retardation function

and the corresponding velocity history at each time step.
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In the non-linear TD model represented in equation (1) several non-linear terms are found. One of the major
sources of nonlinearities in offshore structures is the viscous force, represented by the last term in the right

hand side (RHS) of equation (2), which also applies to the mooring lines.

Fmorison(t) = (1 + Cu) “Pw V- ‘ll(t) - Cu *Pw V- 5(t) + 0,5 “Pw Cd “D-L- |u(t) - 6(t)| . (u(t) - E(t)) (2)
Where:

- C,and C4: Added mass and drag coefficients respectively
- py: Water density
- V,Dand L: Volume of the equivalent line length, line equivalent diameter and the line length

associated to the corresponding point

u(t): water particle velocities
The slowly varying (SV) wave drift forces are also non-linear forces [24]. These forces are computed for each

pair of frequencies and the product of the corresponding amplitudes over a double summation, as shown in

).

Fy'(t) = ZZAJ A [T - cos{(we — wy) - t + (@1 = )} + T - sinf(wp — ;) - t + (01 = 9))}] @)

In (3) each frequency is denoted through ‘j” and ‘k’ respectively, wave amplitudes through A, frequencies
with w, phases with ¢ and degrees of freedom with ‘i’. The variable ‘T’ indicates the quadratic transfer
function (QTF), computed here with the Newman approximation [24]. The main diagonal of the QTF has been
obtained with a linear potential flow code [17]. Only the horizontal Fsvl(t) has been considered in both models.
The first order wave excitation forces have been computed with the linear Froude-Krylov and diffraction force
per unit amplitude (F,,_ 40 (w)), obtained with the linear potential flow solver [17]. Such excitation forces
have been computed in the TD through the ifft of the corresponding force amplitude,
E,(t) = XN_ Fy_rao.(wp) - Ax(wy) - e8@kt+9) The term ¢, denotes the wave phase, taken as uniformly

distributed random numbers in the range 0 < ¢, < 2 - .

The mooring system is fully non-linear since its stiffness and damping matrices are time variant to account
for the geometric changes. Its interaction with the seabed, is also non-linear as it just acts vertically upwards
in the case of the vertical reaction, whilst the horizontal friction force is limited in magnitude to the absolute
friction force. The gravity force on mooring lines is the responsible for the geometric non-linear stiffness as
its influence on the lifted sections from the seabed provides the non-linear geometric restoring force to the
floating structure in all degrees of freedom.

Line attachments to the floating structure and the seabed have also been modelled through a set of stiffness
(Kf/q), mass (Mg,,), damping (Cr,,) and quasistatic (Fy,,?°) forces which also depend on the structure
position, making the relations non-linear. This set of matrices arise from the kinematic constraints imposed

on the fairleads and anchors, introduced in the subsequent section in order to show its linearized version.
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2.2 System linearization

In order to solve the system (1) in the FD, forces on both the floating structure, the mooring system and line
attachments must be linearized. The floating structure and the mooring system are influenced by viscous drag
forces which are commonly linearized through harmonic or statistical linearization [9]. Whilst wave
interaction forces of the floating structure are modelled through linear potential hydrodynamic coefficients,
complemented with a viscous force term, hydrodynamic loads on mooring lines are added through the Morison
force, as shown in equation (2). Viscous forces on the floating structure have been included accounting for
motions of the buoy, whereas hydrodynamic Morison forces on mooring lines account for the relative motions

between water particles and line sections.

On the one hand, the inertial term of the RHS in equation (2) is linear and consists of an excitation force,
called effective buoyancy term and proportional to water particles acceleration, and the added mass term,
proportional to the acceleration of the corresponding dof of mooring line nodes. On the other hand, the viscous
force term in the RHS of equation (2) can be rearranged as an excitation force and a damping force, both

functions of the relative velocity of the fluid with respect to the corresponding degree of freedom
(u(t) — S(t)), as shown in equations (4) and (5). It has been assumed that the current velocity does not

significantly contribute on the varying hydrodynamic forces as the floating structure is subject to operational
states with a relatively low current. Therefore, assuming that wave particle velocities dominate, the linearized
coefficient is introduced in (5) [25]. It makes the viscous drag force non-linear and an iterative procedure is

needed to solve the complete FD system.

Farag® =7 (20 = 8(0)) -u(® —y (u(®) = () - §(®) (@)

8
3

y (u®) - 8()) = jg (5)

- f, - max (u - 5(1‘)) — Regular waves

= fo Ou_sy 2 Irregular waves
s

In equation (5) f, =0,5-py - Cq - D - L and o,,_s represents the standard deviation of the relative fluid

velocity with respect to the corresponding dof. The linearization of the Morison viscous drag term ends up in
a set of two linearized forces, proportional to the fluid and to the corresponding dof velocities respectively.
The damping matrix and the velocity force depend on all dof motions, implying the FD solution to be solved
through a fixed-point iterative process. This iterative method consists in setting an initial value of y, e.g. 0,

that will provide an initial solution and an updated y. The same computation is carried out until either
max (u - S(t)) or o, _s) for regular and irregular waves respectively, show a low error with respect to the

previous solution, 0.1% has been assumed low enough in this work. Following the same procedure, the inertial
forces in equation (2), proportional to the acceleration of the fluid and the corresponding dof, are shown in
equation (6). In this case it represents two linear forces that are directly included in the complete FD model,

shown in equation (15).
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Fnass(0) = (1 +Co) - py - V- 0(0) = Co py -V - 8(0) (6)
In contrast with the non-linear time domain model, the linearized FD model provides only the time-varying
part of the solution. The structural damping, as already introduced in [18], is valid for velocities referred either
to the absolute reference centre or to the mean position. However, the stiffness matrix needs to be redefined
to work with the time varying motions, referenced to the mean position. Consequently, it implies adapting the

structural stiffness matrix of the mooring system as represented in equation (7).

wer RS0 Q[ 0 ][RI 0
K=" —[R]n"“H 0 —[KL]n"“H I @
. —LE ',ﬁl 00 (8)
[KL]n - 76 O O
0 0 0

In equation (7) ‘n’ denotes specific nodes of mooring lines where subscripts and superscripts denote nodes
connecting each line section. The subscript ‘L’ indicates local coordinates of each node with the positive ‘x’
direction aligned with a line connecting both nodes, pointing at the node ‘n+1°, as represented in Figure 1.
The subscript ‘G’ indicates global coordinates to which the whole system described by equation (1) is referred,
with the ‘xy” plane on the undisturbed SWL and the positive ‘z’ axis pointing upwards as showed in Figure 1.
‘R’ is the rotation matrix relating local and global coordinates for each line section, computed with the floater
at the mean position, and K, is the structural stiffness matrix of each line section referred to its local
coordinates. The local structural stiffness matrix accounts only for axial stiffness, and, following the sign
convention adopted for local coordinates, it is represented in the first position of the matrix, as shown in
equation (8). The structural damping has been defined as a Rayleigh damping matrix. Following the same

procedure as in equations (7) and (8) for the stiffness matrix, the structural damping matrix is straightforward

defined as [C;; ]Z“ =B [K; ]Z“, where g is the stiffness proportional Rayleigh damping coefficient.

The non-linear geometric stiffness contributes significantly on the system performance, especially in cases
with significant mooring pretensions and in the low frequency (LF) range. Its influence on the floater has been
here computed as the secant stiffness force on the floating structure. It is computed after each iteration of the
FD, assuming oscillation amplitudes equal to two standard deviations of each degree of freedom of the floater

about the mean position, obtaining the floater linearized geometric stiffness matrix, [Kgf ] In addition, the
same force differences have also been computed on the mooring line nodes, as a consequence of the same
floating structure motion amplitudes, with an analytic subroutine of a catenary mooring system, as described
in [26], obtaining [Kg"]. These matrices provide the corresponding geometric stiffness effect on both the
floater and lines, as represented in equations (9) and (10).

(k7] [&5]

bl 10 ©

[Kg] =
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ﬁ ﬁ [AFdOfJH Aquff+1]
a5, AS [ 28 A5, |
[Kgf] =\ : i | and [K;"] = : : I (10)
ng .. AF lAEwﬂt N AﬂwﬂrJ
A51 A56 Aé‘l A56

In equations (9) and (10) K, indicates the linearized geometric stiffness matrix based on the mentioned
amplitude assumption. The superscripts m and f denote mooring and floater and dof stands for degrees of
freedom, assuming that the ‘total’ degrees of freedom of the coupled system is denoted by dof t. Summarizing,
the stiffness matrix is the static mooring force tensor, considering the influence of motions in all degrees of
freedom of the floating structure on all degrees of freedom of the coupled system, both the structure itself and

mooring lines.

The kinematic relations, modeling relations between fairlead and anchor points with the floater and the seabed
respectively, are defined by means of Lagrange multipliers through the penalty method [21]. It consists in
adding a force vector, {Fy;,(t)}, that makes the system fulfill the kinematic relations avoiding adding

additional equations to be solved.

{Fun(®©} = agin - [0F (O] ([25(O] - (O} + [95(D)] - (O} + 2811 wiin[@5 (D] - {5} + wpinH{P(D)}) (11)

In equation (11) the term @ indicates the kinematic restrictions imposed to the mechanical system, the
subscript & indicates its tensor with respect to each degree of freedom intervening in the restriction, and the
dot indicates the time derivative. In the case of mooring lines, these restrictions make the fairleads to keep
attached to the corresponding points in the floating structure and the anchors to stay in place at the defined
point on the seabed. In the case of diffracting bodies, such as for the floater and the internal SWL, since both
have been modelled as six dof rigid bodies, the kinematic relations impose the internal SWL to rigidly move
with the floater in surge and sway. Since the internal SWL does not have mass nor stiffness in yaw, it has also
been set to rigidly move in yaw with the floater as defined in equation (12) (right) to avoid numerical issues.
The numbering of the degrees of freedom of the diffracting bodies has been taken assuming that the “first’
body is the moored body, the floating structure here (dofs 1 to 6), and the second body is the internal SWL
(dofs 7 to 12).

xsurge + Xroll + xyaw + 5x—fair — Xn
Y + Ypiten + Yyaw + Oy—fair —
sway pitch yaw y—fair n 51 (t) _ 57 (t) }

Zeve+Zr + 2z, +5z—air_zn
{Bfa(®)) = {7 o Tpieen T Tt {Dgein()} = {52(0 — 85(t)

6x—anchar - X
Os(t) — 61,(t)
5y—anchar ~—N ¢ 12

(12)

8;—anchor = 21
Assuming each line of the mooring system is defined by its lumped masses, starting in the anchor (node 1)
and ending at the fairlead (node n) (see Figure 1), equation (12) (left) defines all restrictions imposed to it.
Each node of a mooring line is defined through its three translational degrees of freedom in the space (X, Yy, z)
and the nodes at the fairleads, nodes ‘»’, must follow the influence of the six degrees of freedom of the (rigid)
floating structure on the fairlead position. It is defined through the first three restrictions in equation (12) (left),

imposed to the X, y and z positions of the nodes ‘n’. In equation (12) &, ,, , — rqir denote the position of the
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fairlead with respect to the centre of gravity (CoG) of the floating structure as well as Xgurge rouyaw
Yswaypitchyaw aNd Zneave roupitcn deNote the motions of the fairleads in the global ‘x’, ‘y” and ‘z’ axis due
to the corresponding motions of the floating structure. The anchor points are to be kept fixed on the seabed
and to do so the position with respect to the CoG of the floating structure &,y ,_ancnor are to be updated along

the time.

The simulation in the FD requires all forces to be linear either with respect to the wave amplitude or to the
motion of the system. The restrictions in equation (12) can be broken down into two different forces, those
depending on system motions and quasistatic force components. Quasistatic forces, specified in (1) through
F?/Sa, are not introduced in the FD model since it is already assumed to be in equilibrium, and consequently
8xy,z—fairlead @Nd Oy, _anchor are Not considered. Therefore, the restriction vectors (12) can be considered
linear at the mean position as {®;/, (D)} = [®/4] - {8(D} and {@ gyin (D} = [Papin] - {5(D}. As long as all
restrictions are defined linearly with respect to different combinations of the floater’s degrees of freedom the
equation (11) becomes equation (13), expressed for the restrictions on mooring line ends 'f/a’ and on
diffracting bodies 'dkin’.
{Fr/a (O} = o [F)as) - ([2r/as] - (B@} + [[Brra] + 2 €0~ s [D/as]] - 5O} + wpsa - [7a] - (50)))

(13)
{Fain(©)} = Agpin - [Phrin 51 ([‘Dakin sl {S(t)} + [[djdkin 5] + 2 Eanin * Wakin * [Pagin 6]] : {S(t)} + Wakin® * [Pagin] - {5@)})

The form in which equation (13) is expressed denotes a linear system, which can be included in the FD system
(15)  straightforward  through a set of mass, damping and stiffness  matrices
(Mg a5 Crras Krjas Makins Cakins Kakin)- It should be noted that this formulation can also be used to set
restrictions between several floating structures, as it has been done here for the diffracting bodies (the structure
and the internal SWL), through additional restrictions to those set in equation (12) (right). Unlike the mooring
system, restrictions imposed on the diffracting bodies are proportional to the body motions and no constant

forces have been needed in the TD model.

The slowly varying second order wave drift forces have been included in the linearized model through the
spectrum proposed in [27]. It has also been introduced here in equation (14), where S,, and Sgy denote the

spectra of the wave elevation and of the slowly varying wave drift force respectively.

S =8+ [ 5,0+ 5,@) [T+ w )l - do (14)
0

The Froude-Krylov and diffraction force (F,) and the radiation force (F,,;) have been computed as linear
forces in the TD model introduced in section 2.1. Consequently, the same forces, expressed in the FD have
been used in equation (15). The former is computed with the wave force per unit amplitude, obtained with the
potential flow commercial software [17] as F,, = F,,_z 4.0.(w) - 1(w) and, for the latter, the radiation force

coefficients in the FD are used, as detailed in equation (15), through the added-mass A(w) and radiation
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damping B(w) coefficients, with the clear advantage of avoiding the computation of the convolution force,

required by the radiation force in the TD.

The seabed vertical reaction force is modelled in the FD through stiffness and damping matrices on the nodes
in contact with the seabed, with values providing a natural frequency of the vertical motion equal to 10[rad/s]
and critically damped. The horizontal friction force has been modelled through a damping matrix acting on
the horizontal degrees of freedom of the corresponding nodes of each mooring line, with the same damping
coefficient obtained for the vertical reaction, assuming the same properties of the seabed in all directions.

These matrices have been included in the mooring stiffness and mass matrices.

The resulting coupled mechanical system can be expressed as in (15), where it has been added a subscript to

the linearized damping y values to distinguish viscous damping on floating structure and on mooring nodes.

2 [(M +AW),, + Makin My /q ] n Vstr (u(t) - S(t)) +B(w) + Cpeo + Carin Crra
—w?- str iw -
Mf/a Minoor + Pw -V Cf/a Crnoor t Ymoor (u(t) - 5(t))
[Hm + KJ () + Kyeo + Kaan K5 (8) + Kf,a] , { 8ser() } (15)
K;l((s) + Kf/a Kinoor Smoor(w)
Foy—rao () - fiw) + Fy(w)
}(_wz(l + Ca) “Pw Vi Vingor (u(t) - 5(t))) : f]((l))]

Since equation (15) contains both damping and stiffness terms dependent on the solution, the whole system is
solved iteratively, through the fixed point iteration procedure as detailed above in this section. Therefore, the
resulting solution yields constant values of the mentioned solution dependent terms.

3  Floating Wave Energy Converter numerical model

The model described above has been applied to a floating WEC which consists of a two-body floating spar
type OWC, assumed to be a rigid structure. It is a cylindrical structure with an internal water column which
communicates the sea water with an air chamber at the top. Waves’ motions excite the floating structure in
heave as well as its internal water column, the air in the air chamber at the top of the water column is
compressed and forced to be passed through an air turbine. The energy yielded in the air turbine, is transformed

into electrical power that can be exported onshore.

3.1 Linear Potential Model

The hydrodynamic coefficients of the floating WEC have been obtained with the commercial BIEM code
[17], as it is carried out in the equivalent non-linear TD model. Two diffracting bodies have been modelled,
the first body (dofs 1 to 6) represents the geometry of the spar, shown in Figure 2. The outer diameter specified
in Figure 2 refers to the larger diameter of the floater both at the top and at the bottom, the OWC diameter
indicates the diameter of the internal water column, all dimensions are defined in [15], model ‘K’ and also
used as a case study in [5]. The second body in the numerical model (dofs 7 to 12) is a massless surface at the

internal water surface to model its motions.
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Structure Main Properties

Total mass [kg] 2.4432-108
10
15 CoG [m] -31.97
=07 Draft [m] 4081
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304 Mass Moment of Inertia [kg-m2] | 190.93-10°
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Figure 2. Floating Spar type oscillating water column. Geometry specified in [15], model ‘K’ (left) and main physical properties of the floating
structure (right)

In order to model the internal water surface horizontal motions, in surge, sway and yaw, rigidly with the spar
structure, three kinematic restrictions have been imposed to both bodies as described by equation (12) (right).
Additionally, they have been left to move independently in heave, roll and pitch. The PTO has been assumed
to be linear and acting on the relative heave motions between the floating structure and the internal SWL in
both the TD and the FD models. The PTO represents a real system that any WEC needs in order to transform
the mechanical power in the buoy motion into electrical power to be delivered into the grid. Such power
transformation needs to be performed through an opposing force that will significantly influence WEC’s
motions. In principle, the PTO force needs to be purely resistive so that there is no power backflow from the
PTO to the buoy. However, some PTO systems may introduce an additional stiffness term that makes it to
introduce power into WEC’s motions during short periods of time. In order to model these two properties it is

usually introduced a set of stiffness and damping matrices (Ko, Cpto), s represented, in the time and FDs,

in equation (16).

Fpto(t) = Kpto ' (63 (t) — & (t)) + Cpto : (53 (t) - 59&)) - Fpto(w) = (Kpto +iw - Cpta : (Sg(w) - 3§WL(0J)) (16)

The PTO in an OWC system consists generally of a self-rectifying air turbine, such as the Wells turbine or
Impulse turbines as introduced in [28], [29], that just introduces a damping term in the relative motion. In
addition, the air chamber compressibility adds a non-linear stiffness term in the relative motion. In this work
it has been considered just a damping term for simplicity, assuming the chamber not to introduce any stiffness
in the system, which can be acceptable for the mooring induced loads but has a non-negligible influence in
the produced power [30]. The optimal PTO damping to maximise the extracted energy has been computed
with the FD model, accounting only for the body motions in heave, with the corresponding linearized drag

coefficients, and without the mooring system. The PTO damping has been found through a numerical
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maximisation of the power in each of the simulated sea states showed in Figure 7, the obtained values are

represented in Figure 3.

PTO Optimal Damping [N-s/m]
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Figure 3. Optimal PTO damping per sea state computed with the OWC type WEC represented in Figure 2
The total mass of the floating structure is 2.4432-10°[kg] and the Centre of Gravity (CoG) is placed 31.97[m]

below the surface water level, assuming to be similar to the geometry introduced in [16]. The mass moment
of inertia in pitch and roll has been assumed to be 190.93-10°[kg-m?] derived from assuming a radius of

gyration equal to half the length of the section from the CoG to the keel, 8.84[m].

The motions of the floating structure are influenced by viscous drag forces as specified in equation (4), the
corresponding factors are described in Table 1 along with the natural frequencies in each degree of freedom,
computed through the modal analysis introduced in section 4.1, considering the mooring system. Viscous drag
force factors have been computed as indicated for equation (5), assuming a drag coefficient of each circular
section of the WEC in all directions of C; = 0.8. It implies a wake amplification factor with respect to the

steady current drag coefficient selected in section 3.3 equal to 1.23, within the recommendations in [31].

Table 1 Viscous drag force factors considered for each degree of freedom of the floating structure

Degree of Viscous Drag Natural
freedom Factors fy frequencies

[N-s/m] // [N-m-s] [rad/s]

Surge 1.188:10° 0.064
Sway 1.188:10° 0.065
Heave 4.469-10% 0.6651
Roll 3.532:10° 0.3757
Pitch 3.532:10° 0.3757
Yaw 0 R

Heave SWL 0 0.5063
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3.2 Catenary Mooring System

The mooring system for the model verification has been assumed to be made up of three catenary lines as
specified in Table 2 and represented in Figure 4, in a water depth of 172m, 140m below the fairleads. The
corresponding lines are made up of a single chain section with the properties specified in Table 3 and also
assumed in the tank test validation introduced in [18]. The corresponding non-dimensional pretension of the

lines is 1.43[-] as defined in [26].

Figure 4. Floating WEC with the three-line mooring system. The wave and current propagation direction are represented with a blue arrow along

Wave & Current directionsssss

Roll SWL

2.524

Pitch SWL

2.524

FWEC with a 3 line mooring

y [m]

-200

the positive ‘X’ axis.

X [m]

Table 2 Mooring line lengths, fairleads and anchor points

Property

Line 1

Line2 | Line3

x_fairlead [m]

-1.5

-15 29

y_fairlead [m]

-2.6

2.6 0.0

z_fairlead [m]

-32.0

-32.0 | -32.0

x_anchor [m]

-277.0

-277.0 | 554.0

y_anchor [m]

-479.8

479.8 | 0.0

z_anchor [m]

-172.0

-172.0 | -172.0

Length [m]

590.0

590.0 | 590.0

Table 3 Mooring line properties

Property Value
Equiv. Young Modulus [Pa] | 3.35-10%°
Equiv. A [m2] 1.78:107

Linear mass density [kg/m] 140

Rayleigh Damp Coeff [-] 0.001

600



Seabed friction coeff [-] 0.5
Ca [-] (axial) 0.5
Ca[-] (radial) 1
Cd [-] (axial) 0.6389
Cd [-] (radial) 1.33
Hydrodynamic Diameter [m] | 0.151

386 In order to select the appropriate number of line sections and the integration time step, a sensitivity study has
387 been carried out. The resulting time series with increasing number of sections are showed in Figure 5 for
sss  fairlead tensions of lines 1 and 3 and surge. The relative error of the corresponding standard deviations with
389 Increasing number of line elements are plotted in Figure 6. Lines discretization with 15 elements show relative
390  errors below 5% both in lines tension and in surge motion. Therefore, it was decided to consider mooring lines
391 made up of 15 sections, as a trade-off between computational time and accuracy, totalling a second order
392 coupled system of ordinary differential equations of 156 degrees of freedom (48 per line and 6 per diffracting

393 body).
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Figure 5. Resulting time series of the sensitivity analysis to the number of sections used to discretize each mooring line. Time series of line 1 a),
line 3 b) and surge c)
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Figure 6. Relative errors found in standard deviations of the sensitivity analysis to the number of line sections. Relative errors of the standard
deviations of lines 1 and 3 a) and surge b)

In addition, a simulation with 15 sections and half the time step, 0.01s, has been performed. The relative error
of the standard deviation of the simulation with the original time step with respect to the simulation with a
time step of 0.01s has been checked for the surge motion and tensions of lines 1 and 3. The error in surge was
found to be of 7.3-10% while in line tensions of lines 1 and 3 were 7.6-102% and 3.7-102% respectively.
Therefore, it has been decided to maintain the time step in 0.02s for all the verification cases. Even though
stiffness and damping of the seabed interaction model also influence line tensions, it has been verified in [18]

that the results are acceptably accurate with the assumed values, specified in section 2.2.

3.3 Environmental conditions

The WEC here analyzed has been subject to the most occurrent (>1% annual time) sea states at the BIMEP
test site [19], which are pointed out Figure 7. It covers 63% of the annual time with a reduced number of
simulation cases, 36 sea states, which also cover a wide range of Hs and Tp values, considered enough for

verification in operational conditions. In the performed simulations the current and wave propagation
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directions have been assumed aligned with the global ‘x” axis, in the positive direction, as specified in Figure
4,

5 Sea State Ocurrence at BIMEP

10.035

40.03

4 0.025

0.02

0.015

0.005

Tp[s]

Figure 7. Sea State Occurrence probability at BIMEP test site [19] and a total of 36 Sea States with more than 1% occurrence probability (red
stars), selected for TD and FD simulation comparison

The spectral shape considered has been a JONSWAP with a gamma factor of 3.3 in all sea states. The current
force has been considered as a steady force, modelled as in the third term of the RHS in equation (2), induced
by the mean current speed, assumed constant with the draft of the WEC as it is relatively lower than the water
depth. A representative current speed in operational conditions of 0.5m/s has been assumed. The frontal area
of the submerged part of the WEC in the current direction is 290[m?] and a common drag coefficient for

smooth cylinders of 0.65 has been assumed.

4  Results

The results of simulations in the FD with the model introduced in (15) have been compared with the
corresponding simulation in the TD of the non-linear coupled model described by equation (1). Results in
terms of motions and line tension power spectral densities (PSDs) are compared and differences have been
quantified through the relative error of standard deviations of the FD model with respect to the non-linear TD
model. WEC and mooring performance have been obtained with 12 one-hour TD simulations, assumed to be
large enough to represent some hundreds of LF cycles to provide good PSDs. An additional initialization
period of 500s has been simulated in each realization that has been disregarded for the PSD computations.
The PSDs of the time series have been computed through the ‘pwelch’ subroutine within the Matlab software
[32], using the 12 simulations. Since the FD model has been linearized, an eigenvalue and eigenvector analysis
has been carried out and is subsequently presented. It allows a deeper analysis and understanding of the extent

of the applicability of the linearized model.
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4.1 Modal Analysis

Even though the natural frequencies related with surge and sway change with the mean position of the floating
structure, a relevant sea state has been selected to analyse the modes of motion of the coupled system, Hs=1.5m
and Tp=8.5s, which corresponds with the most occurrent sea state at the selected site.

Hs:1.5m Tp:8.5s Hs:1.5m Tp:8.5s
T T

— surge-str
heave-str

Line 1
= = Line2
pitch-str 104 Line 3]
! - - surge-swl

N\ = = heave-swl
pitch-swl N

e

Tension Amplitude [N]
/

=
/
/
Ve

Motion Amplitudes -- Translations [m] / Rotations [rad]
—d S
, / /
/
|

’

L
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Figure 8. Floating structure and internal surface water level motion amplitudes (left), lines tension amplitudes at the fairleads (right) and
eigenvalues within the showed frequency range (vertical lines). Response amplitudes subject to a sea state of Hs=1.5m and Tp=8.5s

Figure 8 has been here introduced in order to visualize the relation between the dofs of the WEC and the
induced line tension amplitudes, subject to a representative sea state. Since the wave propagation direction
does not excite sway, roll and yaw motions, these have been omitted in the figure. The most relevant
eigenvalues have been considered to be those influencing most the motions and tension amplitudes, all showed

in Figure 8, with the vertical axis in logarithmic scale in order to visualize the correlation between motions,
line tensions and eigenvalues.

It is clearly appreciated that the first peak in all motion and tension responses has two related eigenvalues.

More precisely, the two modes of motion around this frequency, 0.065rad/s as represented in Figure 9.
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Figure 9. Modes of the coupled system mainly related with surge (top) and sway (bottom)

The modes represented in Figure 9 are mainly related with surge and sway motions of the WEC. However,
with the wave direction aligned in the positive ‘x’ axis, the mode related with the surge motion is mostly
excited and, therefore, the one producing the tension peak around the corresponding frequency. It should be
noted that, even though the mean position of the floating structure subject to specific environmental conditions
provides different stiffness in surge and sway, both natural frequencies have been found very close to each
other. Nevertheless, whilst the mode related with surge excites the three lines, the one related with sway excites
only the two front lines. This statement should also be verified with small bending stiffness in the mooring
lines. These modes of motion induce significant motions of lines’ nodes which may be overdamped due to

drag force linearization in the FD model when subject to specific sea states.

A group of other 4 frequencies are found around 0.5rad/s shown in Figure 8, related with heave of the floating
structure, heave of the internal SWL, pitch and roll motions, as represented in Figure 10 and Figure 11

respectively. It should be noted that the heave of the internal surface water level corresponds with the piston
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mode in absolute coordinates, and the power is generated from the relative heave motion between the structure
and the internal SWL.
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Figure 10. Modes of the coupled system mainly associated with pitch (top) and roll (bottom)
Modes related with pitch and roll motions, as stated for surge and sway, induce significant line motions. These

modes can induce differences in the mooring induced damping due to the linearization of drag forces on lines.
However, it is not clearly shown in FD computed motion responses nor in line tensions, very likely as a
consequence of being overdamped by the linearized viscous damping of the floating structure.
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476 Figure 11. Modes of the coupled system mainly associated with heave of the floating structure (top) and pitch of the surface water level (bottom)
477 The modes related with floating structure and SWL heaving motions are represented in Figure 11 (top) which,
478 unlike surge and sway, do not excite significantly lines motions. On the other hand, the floating structure is
479 significantly excited by waves and, consequently, large tension amplitudes can be observed in line tensions in
480 Figure 8 (right). The modes related with the internal SWL pitching, influence line tensions as they are coupled
481 with the floating structure pitch and surge. It is clearly shown that all modes experience some excitation at
482 such frequency in Figure 8. However, this frequency should be related with the corresponding sloshing mode
483 in a more realistic numerical model. It has been found at a relatively large frequency and its influence on line

484  tensions can be assumed not to be relevant.

485
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Figure 12. Modes of the coupled system associated with line motions in the plane of the catenary of the windward lines (top) and the leeward
line (bottom)

The modes represented in Figure 12 are related with in-plane lines motions with no significant motion of the
floating structure. Both modes have been found to be in similar frequencies as the mean position of the floating
structure has been relatively small, of 0.8372m, and the shape of the three lines is similar at that position. A
third mode has been found at 1.32rad/s, omitted here, which shows a combination of both modes showed in
Figure 12 in opposing phase. These three modes are related with some differences between FD and TD models
here compared, as can be observed in line tension PSDs in Figure 19 in the corresponding frequency range.
The modes of motion showed in Figure 12 correspond with an axial mode, stretching the whole line. Although
with the FD model lines tension PSDs show a smooth decrease as the frequency is increased over these natural

frequencies, the TD model show a steep decrease in the same range, especially in low energy sea states. This
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discrepancy can be attributed to non-linearities not appropriately caught in the linearized FD model, such as
the interaction with the seabed or lifting line sections from the seabed. Moreover, it can cause overestimations
in line tension standard deviation values of around 20% with low incoming energy, as shown in Figure 19. On
the other hand, the explained discrepancy is balanced by the increasing line tension induced by the heaving

motions as the Hs is increased. Therefore, it is relevant under low Hs sea states.

4.2 Floater Motions

Surge, heave and pitch motions of both the floater and the internal SWL have been compared between both

models in terms of their PSDs and the percentage difference of their standard deviations.
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Figure 13. Surge motion PSDs of the floater. Wave frequency magnified with a factor of 100 to enable plotting the whole PSD in a single figure.
Dash-dotted vertical lines indicate the relevant modes identified in section 4.1
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Figure 14. Heave motion PSDs of the floater (solid lines) and the internal SWL (dashed lines). Dash-dotted vertical lines indicate the relevant
modes identified in section 4.1
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Figure 15. Pitch motion PSDs of the floater (solid lines) and the internal SWL (dashed lines). Dash-dotted vertical lines indicate the relevant
modes identified in section 4.1

Looking at the natural frequencies related with each degree of freedom of the floating structure and the internal
SWL in Table 1, the peaks of the motions can be associated to each natural frequency. The peaks of the
response in surge and pitch at frequencies of 0.065[rad/s] correspond with the natural frequency in surge,
which indicates that both modes are coupled. As the peak period of the sea state showed in Figure 13 to Figure
15 is 9 seconds both heaving natural frequencies are significantly excited, this is shown in Figure 14 as the
internal SWL is most amplified in frequencies close to 0.5[rad/s] and the floating structure heaving at
frequencies close to 0.66[rad/s]. The pitching motion of the floating structure is not clearly shown in Figure
15 as there is no significant excitation around this frequency. In contrast, the pitching motion of the internal
SWL, which corresponds to a sloshing mode, is clearly shown around its natural frequency of 2.524[rad/s],

mostly due to not having introduced any viscous force in it.

The natural frequency in surge show good agreement between both models in Figure 13. It indicates that the
linearized stiffness matrix introduced by the analytic mooring system represents well the mooring influence
on the floating structure. The kinematic relations are well fulfilled as both models show negligible differences
in surge, what can be observed in Figure 8, and consequently the surge of the water column has been omitted
in Figure 13. However, the uncertainties in surge can be mostly attributed to the magnitude of motion in its

natural frequency, consequence of differences on the mooring induced damping.

It is shown in Figure 15 that the pitching of the floater in the linearized model is overestimated in the LF range,
balanced by the underestimation in the wave frequency (WF) range. While the former is due to overestimates
in surge, the latter can be attributed to the linearization of the viscous force term, which tends to overdamp
the response. In addition, it is shown in Figure 16 that the pitch motion of the floater is underestimated when

subject to more energetic sea states, amplifying the differences in pitch within the WF range.



537 Pitch of the internal SWL shows very good agreement as it is not directly influenced by the most relevant non-
538 linearities, however, it corresponds with a sloshing mode of the surface and it may be largely influenced by
539 the air chamber pressure, which has not been considered here.

FD std wrt TD std (surge)

FD std wrt TD std (heave-str)

25

1.5

1

0.5
4 5 6 7 8 9 10 11

25

N

E E
1] [2]
I I
1.5
1
0.5
4 5 6 7 8 9 10 1
Tps] Tp[s]
a) b)
5 FD std wrt TD std (heave-swl) 5 FD std wrt TD std (pitch-str)
25 25
2 2
E E
1] [2]
I I
1.5 1.5
1 1
0.5 0.5
4 5 6 7 8 9 10 1 4 5 6 7 8 9 10 11
Tps] Tp[s]
c) d)
FD std wrt TD std (pitch-swl)
3 0.05
0.04
25 0.03
0.02
2 0.01
E
;‘ 0
I
1.5 -0.01
-0.02
1 -0.03
-0.04
0.5 -0.05
4 5 6 7 8 9 10 1
Tp [s]
e)
540 Figure 16. Percentage differences of the standard deviation of motions of the linearized FD model with respect to (wrt) the non-linear TD model.
541 Contour lines represent zero levels, showing both limits of the selected simulation sea states and limits between under and overestimations
542 of the FD model. a) Surge; b) Heave of the floating structure; c) Heave of the internal surface water level; d) Pitch of the floating structure;

543 e) Pitch of the internal surface water level



544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566
567

568

569

570

571

All degrees of freedom show in Figure 16 differences lower than 6% in standard deviation with respect to the
non-linear TD model except surge. Surge, unlike other degrees of freedom, is very influenced by non-linear
effects such as slowly varying wave drift forces and the geometric stiffness, what explains its larger
differences. Additionally, the modes of motion related to surge and sway imply significant lines motions, as
showed through modal analysis in Figure 9, and the inherent error made in the linearization of viscous forces
on lines may vary the induced damping on floating structure motions. Mentioned effects makes surge to be
overestimated in most sea states, as a consequence of overestimations in the LF range and its high relevance

on the standard deviation with respect to WF motions.

Heave motions although slightly underestimated in intermediate wave heights are in general in very good
agreement, both of the floating structure and the SWL. Observed differences can be mostly attributed to being

overdamped by the linearized viscous drag.

4.3 Line Tension

Line tension PSDs can be derived from nodes’ motions both in the LF and in the WF range. The geometric
stiffness linearization allows catching the induced line tensions in the LF range. As stated for pitch motions,
line tensions are overestimated by the FD models in sea states with lower energy content. Similarly, the
deviations in the WF range drives the total standard deviation percentage difference as the incoming wave
energy increases, as represented in Figure 18 and Figure 19.

Heaving motions are significantly excited, and a more non-linear behaviour of lines can be expected. Line
tension amplitudes obtained in frequencies (0.5-0.7rad/s) corresponding to heave natural frequencies are
acceptably well represented by the linearized model in Figure 19, specially for the windward lines, while the

leeward ‘line 3’ shows larger differences, more influenced by WF motions.
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Figure 17. Line tension standard deviation (vertical lines at each node) with both models with respect to the mean line tension along the whole
line 1 (left) and line 3 (right)

An estimation of line tensions PSD along the whole line is also provided by the FD model. Figure 17 shows
the standard deviation (vertical lines) with respect to the mean tension computed with the analytic catenary
equations, along the line. The mean tension difference between both models has been observed to be lower

than 1%. In Figure 17 standard deviation differences have been found to be of 1.9% in the fairlead increased
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up to 27% in the anchor for lines 1 and 2 and of 8% in the fairlead up to 22% in the anchor for the line 3.
Therefore, the FD solution tends to improve line tension estimates as the analysed section is closer to the

fairlead with the selected sea state.
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Figure 18. Difference percentage of the linearized FD model with respect to the non-linear TD model in terms of line tensions standard deviation
at the fairlead. Contour lines represent zero levels, showing both limits of the selected simulation sea states and limits between under and
overestimations of the FD model. Linel: left, Line 3: right.

There is however a remarkable difference between lines tensions obtained with both models in frequencies
within 1.3-1.7rad/s, mostly notable in low Hs. The frequency range is coincident with the modes described in
Figure 12, as analysed in section 4.1 through the modal analysis. When the device is subject to low Hs sea
states, line tension standard deviation values are overestimated with the FD model as shown in Figure 18, as
a consequence of the WF range, observed in the PSDs in Figure 19 (top). Good agreement has been obtained
for all lines with the device subject to intermediate Hs, especially for the windward lines in the WF range,
whilst slightly underestimated in LF for all lines, see Figure 19 ¢) and d). When analysed in moderate sea
states, the windward lines results are improved with respect to lower Hs with some underestimation in the LF
range. Nevertheless, Line 3, the leeward line, shows higher differences under moderate Hs, with lines tension

standard deviation underestimated up to a 20%, mostly due to the WF range, see Figure 19 f).
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Figure 19. Line tension PSD comparison between the FD and TD models for low Hs, line 1: a) and line 3: b); intermediate Hs, line 1: ¢) and line
3: d); moderate Hs, line 1: e) and line 3: f). Dash-dotted vertical lines indicate the relevant modes identified in section 4.1

4.4 Discussion

The solution of the linearized FD model has been compared with the non-linear TD in terms of device motions
and line tensions. It has been observed that floater dynamics compare significantly well between both models,
especially in heave and pitch of both the floating structure and the internal surface water level showing
difference percentages lower than 6%. Even though surge also shows good agreement, its results show larger
differences, underestimated in up to 20% in standard deviation in sea states with low significant wave heights
and low peak periods. These differences can be attributed mainly to deviations on the mooring induced
damping.

Resulting line tensions have also been compared between models. The differences have been found to be of
the order of those showed by the surge motion, and following similar tendencies, what could be expected as
the mooring system is the only source of stiffness in surge. In addition, the linearized model has been found
to overestimate line tension PSDs in the frequency range 1.3-1.7[rad/s], coincident with a mode of motion that
induces mooring lines’ stretching. It is more significant when subject to low Hs sea states and, on the other
hand, tensions in the WF range are underestimated when subject to moderate Hs sea states for the leeward
line. The underestimation related with the modes of motion showed in Figure 12 can be mostly attributed to

non-linear effects caught in the TD model, such as seabed interaction or line sections lifting from the seabed
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that the FD model cannot appropriately represent. This effect is limited to low Hs sea states as with higher Hs
the excitation induced by the heave motion is more significant and is concentrated in slightly lower
frequencies. The differences have also been analysed along the whole lines of the mooring system in one sea
state and better agreement has been found as the analysed section approaches the fairlead, whose differences
varies from 27% in the anchor decreased up to 1.9% in the fairlead for lines 1 and 2 and of 22% in the anchor

up to 8% in the fairlead for the line 3.

The modal analysis, in addition to being able to reproduce non-linear effects only to a certain extent,
demonstrates how floating structure motions excite line dynamics. Specially surge and sway have shown to
excite line dynamics which induces larger line motions and tensions, which has also been pointed out as
another source of difference in surge. Also, it has been showed that the modes within 1.3-1.7[rad/s] are excited
in both models and produce significant line tensions. The ability of the FD model to identify such modes
provide invaluable information to the mooring designer in order to shift the corresponding natural frequencies

away from the natural frequencies in heave.

Even though some differences have been found between both models, it must be noted that the linearized
geometric stiffness, introduced in equation (9), accounting for its effect on both the floating structure and
mooring line sections, enables the FD model to catch most of the effects and to reproduce power spectral

densities of all motions and line tensions.

5 Conclusions

In this paper a numerical method to analyse in the frequency domain floating structures moored by means of
catenary mooring systems has been introduced and verified. It is based on a numerical method, already
validated, in the TD that couples floating structures modelled through linear potential theory and a lumped
mass model, integrating both models into a single one by means of kinematic restrictions based on Lagrange
multipliers. The frequency domain model has therefore been made up after linearization of all non-linear terms
present in the TD model, mostly related with viscous forces, seabed interaction, lines’ fairleads and anchors

as well as the geometric stiffness of the catenary lines.

A floating wave energy converter based on OWC technology has been considered as a case study to verify the
linearized model with the corresponding non-linear TD model, subject to the most occurrent sea states in
BIMEP and with a representative mean current of 0.5m/s. The power take off system has been modelled
through a linear damping coefficient acting between the relative heaving motions of the floating structure and
the internal surface water level. Damping values of the PTO have been previously optimised to produce the
largest mean power per sea state considering both heaving motions. The mooring system has been assumed to
be made up of three catenary lines with a significant line pretension to obtain a significant influence of the
geometric stiffness. The non-linear TD model has been subject to a sensitivity analysis and in order to
reproduce LF response, 12 1-hour TD simulations have been carried out for each of the 36 environmental

conditions.
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The comparison shows that both floating structure and internal surface water level shows very good
agreement, below 6% difference percentages have been found in relative standard deviations except in surge.
Surge motion is underestimated with the FD model by up to 20% specially in very low Hs sea states, and
mostly due to deviations in the mooring induced damping, whilst with higher Hs the differences have been

found to be lower, about 10%.

Line tensions’ PSDs show that the influence of all degrees of freedom of the floating structure is well caught.
In addition, differences in standard deviations have been found to be of the order of the surge motion. Modal
analysis shows how the influence of a mode of motion related with axial stretching of all lines has significant
influence in lines tension and is well matched by the FD model. Some differences have been found mostly
due to non-linearities not accurately enough reproduced in the FD model. Nevertheless, the linearization
carried out in the herein introduced FD model has demonstrated, with a very dynamic floating structure and a
mooring with a large pretension, that it can be used to predict both body motions and line tensions within the

operational range.
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